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INNOVATIONS  DESERVING EXPLORATORY ANALYSIS (IDEA) PROGRAMS
MANAGED BY THE TRANSPORTATION RESEARCH BOARD (TRB)

This investigation was completed  as part of the ITS-IDEA Program which is one of three IDEA programs
managed by the Transportation  Research Board (TRB)  to foster innovations  in surface transportation. It
focuses on products and result for the development  and deployment  of intelligent  transportation  systems
(ITS), in support  of the U.S. Department of Transportation’s  national  ITS program plan. The other two
IDEA programs areas are Transit-IDEA,  which focuses on products and results  for transit  practice in
support  of the Transit  Cooperative Research Program (TCRP), and NCHRP-IDEA,  which focuses on
products and results for highway construction,  operation,  and maintenance  in support  of the National
Cooperative Highway Research Program (NCHRP). The three IDEA program areas are integrated to
achieve  the development  and testing of nontraditional  and innovative  concepts,  methods  and technologies,
including  conversion technologies  from the defense, aerospace, computer,  and communication  sectors that
are new to highway, transit,  intelligent, and inter-modal surface transportation  systems.

The publication  of this report does not necessarily indicate approval or endorsement  of the findings,
technical  opinions,  conclusions,  or recommendations,  either inferred or specifically expressed therein,  by
the National  Academy of Sciences or the sponsors of the IDEA program from the United States
Government or from the American Association of State Highway and Transportation  Officials or its
member states.
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EXECUTIVE SUMMARY

PROBLEM STATEMENT

Our objective is to determine the performance requirements of a vehicle-to-vehicle communication and on-board
processing system which would provide prediction and driver warning of potential inter-vehicular collisions, improving
collision avoidance.

The basic premise of this work is that congestion, delay, accidents, and other associated problems are often a result
of the typical driver’s inability to correctly assess the current and impending driving situations. The driver has incomplete
information about the speed, acceleration, position, etc. of other vehicles, especially vehicles occluded by intervening
vehicles. Thus, drivers are forced to make basic operating decisions such as when to brake, based on incomplete
information.

Previous research on vehicle-to-vehicle, vehicle-to-roadside, and roadside-to-vehicle communication has focused
either on wide-area information such as link times for the purposes of route guidance, or on very short-range and high-
frequency communication for the purposes of vehicle control. The approach taken in this project is unique in that the
warning system developed allows vehicles to operate independently and without the control problems associated with
platooning, but with the ability to utilize data from several vehicles ahead, unlike two-vehicle interaction systems. In this
project, we are studying an intermediate level of communication between nearby vehicles, which is short of platooning
and avoids some of the problems of platoon-type systems, but goes beyond two-vehicle interaction systems such as
Intelligent Cruise Control (ICC) by considering data from multiple vehicles in the local area.

The impact of the developed advisory system is potentially large. Some 20% of all accidents are of the rear-end
collision type (I, 2, 3). Such accidents result in substantial loss of life and substantial cost in the form of delay and
property loss. Researchers have stated that 60% of all rear-end collisions could be avoided if the driver were given an
additional one-half second of warning prior to an incident (4). Our work addresses this issue by providing advanced
collision warning.

RESEARCH APPROACH

Each equipped vehicle in the system is assumed to have a sensor for sensing the vehicle immediately ahead,
communications devices, and an on-board computer. As an equipped vehicle travels along the roadway, it continuously
broadcasts data to other nearby equipped vehicles. The data includes speed, position, and acceleration. The
communication system would most likely utilize spread-spectrum techniques, largely due to their ability to provide
multiple access to the same frequency, for example via code division multiple access (CDMA), and their low interference
to other communications systems. As the information is obtained from other vehicles in the local area, the software in the
on-board computer builds and updates its model of the local environment. This model is potentially more complete than
the driver’s model because of the driver’s limited information and limited ability to accurately interpret the information
that is available. The system utilizes the computed model to advise the driver of a recommended action.

Since each equipped vehicle’s computer will have knowledge of information such as the position, velocity, and
acceleration of nearby equipped vehicles, the amount of deceleration, if any, required to avoid a collision with the vehicle
directly ahead can be determined. This would aid in avoiding common rear-end and multiple-car collisions as well as
those caused by severe weather conditions such as fog, or inoperable tail lights on the vehicle ahead. To this end, we
have developed an algorithm which yields the deceleration required by a vehicle, V, , to avoid a rear-end collision with
the vehicle ahead. This algorithm takes into consideration the response of the vehicle immediately ahead to the vehicle
ahead of it, the latter’s response to the vehicle ahead of it, and so on, within v 's  communication range. The algorithm
utilizes more information, and thus provides a more accurate evaluation of the required deceleration, than previous
distance-warning systems.

Initially, we assumed that all the vehicles in the system were equipped (i.e. 100% penetration of the system). Under
this assumption, we established operating parameters for the system, and determined the system’s potential benefit., We
then extended the study to address issues of system deployment (i.e. less than 100% penetration) by studying the impact
of various levels of system penetration.

CONCLUSIONS

To determine the potential benefit of this algorithm, we ran a series of experiments using a quasi-Monte Carlo
approach, and data collected by the FHWA. The data used was comprised of two sets of data, each representing a day of
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traffic data collected on Interstate-40 in New Mexico. To study the impact of the system, we generated an incident by
assuming a more or less severe deceleration for a given vehicle in a chain of vehicles. We studied the degree to which
the system is effective in 1) reducing the number of collisions, 2) reducing the impact of collisions which do occur, and 3)
reducing the required braking force when a collision is averted. We chose these three factors for the following reasons.
First, reducing the number of collisions has obvious benefits in terms of reducing injuries and vehicle damage, as well as
reducing congestion and delay which accidents produce. Second, reducing the impact of collisions which do occur also
translates to reductions in injuries and vehicle damage due to the reduction in the force of the collision. Finally, reducing
the braking force when a collision is averted adds to driver comfort, and it also helps to reduce the amount of disturbance
introduced in the vehicles following the decelerating vehicle.

Assuming that all the vehicles in the system are equipped (i.e. 100% penetration of the system), we can summarize
the conclusions drawn from these experiments as follows:

l significant gain is obtained by processing data from up to 6 or 7 vehicles ahead, but very little or no benefit is
obtained by utilizing data from more than 6 or 7 vehicles ahead.

l significant gain is obtained by processing data from vehicles within a 600 ft. or 700 ft. communication range,
but very little or no benefit is obtained for communication ranges above 600 ft. or 700 ft.

l the number of vehicles ahead from which to process data, and the appropriate communication range are
relatively unaffected by the severity of the lead vehicle’s deceleration.

l variability in the driver’s reaction time from the expected value has relatively little effect on the number of
collisions, and the deceleration rate required to avert collisions.

l variability in the driver’s deceleration rate from the required rate calculated by the algorithm has relatively
little effect on the number of collisions, and the deceleration rate required to avert collisions.

We can summarize the conclusions drawn from the deployment experiments (less than 100% penetration) as
follows:

l the system is effective in reducing the number of collisions even during deployment.
l broadcasting data from non-transmitting vehicles which are sensed significantly increases the effective system

penetration, providing earlier system benefits.
l the system is dramatically effective in reducing collisions in the case of limited sight visibility (e.g. fog)

The above results allow us to place reasonable limitations on the number of vehicles from which to process data,
and on the communication range required by the system. In addition, they indicate that driver variability has relatively
little effect on the potential benefit of the system. Thus, the results of the evaluation indicate that significant benefits in
terms of reduction in the number of collisions, reduction in the impact of collisions which do occur, and reduction in the
required braking force when a collision is averted are obtained by a system which is capable of processing data from 6 or
7 vehicles ahead, as opposed to processing data from 3 or fewer vehicles ahead which is more typical of an unassisted
driver. These benefits are realized even during deployment of the system.
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We can graphically determine if a collision occurs by plotting the distances traveled by each vehicle over time. In
Figure 4, we plot the distance traveled versus time for a single vehicle. In this simple case, the vehicle has zero
acceleration, and thus the curve is linear. The slope of this line is the velocity of the vehicle.

8

Time

FIGURE 4 Single vehicle with zero acceleration.

If we plot the position of two vehicles versus time on the same chart, we can determine if impacts occur by looking
for intersections of the curves. In Figure 5, we plot two vehicles each with zero acceleration. In this example, the trailing
vehicle has a larger velocity than the lead vehicle, and thus the lines intersect at the point of impact for the vehicles. Here
the initial distance between the vehicles can be seen as the difference in vertical axis intercepts for the two lines.

Time

FIGURE 5 Two vehicles each with zero acceleration.

In both Figures 4 and 5, we have considered vehicles with zero acceleration. In Figure 6, we consider a single
vehicle undergoing a constant deceleration. In this case, the vehicle travels at a constant velocity (zero acceleration) until
time b when the deceleration begins. This deceleration continues until time e when the deceleration ends, and the
vehicle continues at a constant, but lower than initial, velocity. This is again somewhat of a simplification, since the
vehicle may in fact be accelerating or decelerating at a different rate between time 0 and b, and after time e, but to
simplify the figures, we will depict this acceleration as zero. The equations to be developed will allow for non-zero
acceleration between time 0 and b, and after time e.
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activated when the required deceleration, a1(b1), is between 30% of the maximum deceleration, and the maximum
deceleration achievable for the vehicle. For a 5 segment display, one light is illuminated when the required deceleration
is between 30% and 44% of the maximum deceleration, two lights when the required deceleration is between 44% and
5 8 %  three lights when the required deceleration is between 58% and 72%, four lights when the required deceleration is
between 72% and 86%, and five lights are illuminated when the required deceleration is between 86% and 100% of the
maximum deceleration.

At shorter distance headways (150  ft. or less), the sensitivity of the warning device is increased linearly. For
example, at 75 ft., the device is activated when a deceleration of greater than 15% of the vehicle’s maximum deceleration
is required.

The calculation of the required deceleration based on the current data received is repeated often, in the experiments
below every 10 ms, and the on-board warning state is changed appropriately. Each equipped vehicle in the system does
similar processing using the (most likely different) data that it receives from nearby equipped vehicles. The warning
device proposed here is an example of the type of device that may be used. The actual configuration and integration of
the device will require a separate investigation.

2.2 ALGORITHM EVALUATION STRATEGY

To this point, we have developed an algorithm which yields the deceleration required by a vehicle in response to
several vehicles ahead of it. To evaluate the potential benefit of the system, we initially assumed 100% system
penetration, and studied the impact of the following variables on the frequency and severity of expected collisions, and
the braking force required to avert a collision:

l number of vehicles ahead from which to consider data
l communication range
l severity of lead vehicle braking action
l variation in driver reaction times from the expected value
l variation in degree of response to the warning device
l assumptions about the behavior of the furthest vehicle ahead

We then studied the issue of deployment by examining the frequency and severity of expected collisions, and the
braking force required to avert a collision for various levels of system penetration, and for various levels of driver
reliance of the warning device.

The following sections describe the experimental setup used, and our strategy for evaluating the impact of the above
variables for both 100% system penetration, and during deployment

2.2.1 Experimental Setup

We evaluated the potential impact of the system using computer simulation. This simulation, however, is based on
actual highway data collected by the FHWA* . The data used was comprised of two sets of data, each representing a day
of traffic data collected on Interstate-40 in New Mexico. The first set of data was collected on September 25.1991, and
consists of data from 36,342 vehicles. The second set of data was collected on July 11, 1993, and consists of data from
3 1,612 vehicles. Each set of data contains the velocity of each vehicle, and its headway to the preceding vehicle.

To study the impact of the system, we generated an incident by assuming a more or less severe deceleration for a
given vehicle in a chain of vehicles. We studied the degree to which the system is effective in 1) reducing the number of
collisions, 2) reducing the impact of collisions which do occur, and 3) reducing the required braking force when a
collision is averted. We chose these three factors for the following reasons. Fist, reducing the number of collisions has
obvious benefits in terms of reducing injuries and vehicle damage, as well as reducing congestion and delay which
accidents produce. Second, reducing the impact  of collisions which do occur also translates to reductions in injuries and
vehicle damage due to the reduction in the force of the collision. Finally, reducing the braking force when a collision is
averted adds to driver comfort, and it also helps to reduce the amount of disturbance introduced in the vehicles following
the decelerating vehicle.

Since the set of vehicles for a given day is large, we divided each set into smaller groups or “clusters” of vehicles so
that experiments could be run on a cluster of vehicles without considering the remainder of the vehicles in the data set.
To do this we chose to distinguish one cluster from another by the distance between vehicles in the cluster. Thus, we
define a cluster to be a group of vehicles in a single lane where the distance between any pair of vehicles in the group is

* Data provided by Eugene Farber, Ford Motor Co.
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addition, we need to make assumptions about the acceleration of each vehicle in the cluster at the beginning of the
experiment, and the reaction time of each driver.

For each cluster, we assume random reaction times for each driver in the group drawn from an appropriate
distribution. The distribution used is a lognormal distribution with a mean of 1.21 seconds and a standard deviation of
0.63 seconds. This distribution is based on data collected by Sivak et al. (20) for unalerted drivers following a test
vehicle, while being monitored by a trailing vehicle. They collected 1,644 reaction times recording only those of three
seconds or less. In generating the random reaction time for each driver, we chose values between their 5th and 95th
percentile. Thus, each random reaction time is drawn from the lognormal distribution above, and has a minimum value
of 0.48 seconds and a maximum value of 2.40 seconds. Figure 13 shows the distribution used. We assume that the
extremely long reaction times, often attributed to driver inattention, will be eliminated by the alert provided by the
warning system.

Minimum reaction time

Maximum reaction time

Reaction Time (sec.)

FIGURE 13 Driver reaction time distribution.

Finally, we need to establish initial acceleration rates for each vehicle in a cluster. Since the recorded data contains
no acceleration data we will assume an initial acceleration rate of zero for each vehicle in the cluster.

These assumptions combined with recorded data define the initial state for a cluster. It is possible that the randomly
drawn reaction times and the zero acceleration rate assumption may produce an initial state which places the cluster in an
invalid state. We define a cluster’s initial state to be invalid if the warning device in any vehicle in the cluster is already
active, or if any vehicle is within the minimum desired distance to the vehicle ahead (two vehicle lengths, for these
experiments) in the initial state. Any clusters that have an invalid initial state based on the parameters selected are
discarded.

In the experiments discussed below, we generate an artificial incident by assuming that the lead vehicle in the
cluster decelerates to a stop, with a constant deceleration rate. The simulation is a discrete time simulation in which the
state of each vehicle is updated every 10 ms At each 10 ms time step, we update the position and velocity of each
vehicle. At each time step, we also update the state of each equipped vehicle’s warning device, the driver’s remaining
time to braking, and the vehicle’s acceleration rate once the braking action begins. We allow the simulation to run until
all vehicles in the cluster have come to a stop. During the run, we accumulate the number and severity of collisions, and
the braking force required in the event of no collision.

2.2.2 100% System Penetration

First, we studied the case of 100% system penetration. Here, each vehicle in the system is equipped and operating
properly. Under this assumption, we studied the impact of the following variables on the frequency and severity of
expected collisions, and the braking force required to avert a collision:

l number of vehicles ahead from which to consider data
l communication range
l severity of lead vehicle braking action
l variation in driver reaction times from the expected value

8
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l variation in degree of response to the warning device
l assumptions about the behavior of the furthest vehicle ahead

In this section, we discuss the strategy used to study these variables. In the next section, we consider the case of
less than 100% system penetration. *

2.2.2.1 Number of Vehicles Aheadfrom which to Consider Data

During operation, the communication range will provide a limit on the number of vehicles ahead from which a
given vehicle can receive data. This is a physical limit based on the distance ahead from which we can receive data, and
the positions of the vehicles in the environment. In addition to this, it may be desirable to place a limit within the
algorithm on the number of vehicles from which to process data. This will help to provide a bound on the processing
time and computation facility required, as well as eliminating unnecessary processing of data from vehicles which may be
irrelevant. In this evaluation, we determine how the number and severity of incidents, and the required braking force are
impacted by varying the number of vehicles from which data is utilized. From this, we can determine an appropriate
limit on the number of vehicles to consider in the system. The results of this experiment are discussed in Section 3.1.1.

2.2.2.2 Communication Range

The communication range directly effects how far a vehicle must be from the vehicle ahead in order to receive
information from that vehicle, and thus how early a warning can be delivered. A very short communication range is
comparable to an unequipped driver operating in a fog situation, where knowledge of the vehicle(s) ahead is available
only at short headways, and thus the chance of an accident occurring is increased.

It appears so far that the ability to communicate with vehicles at a greater distance, and thus with greater time to
adjust to the vehicle ahead, will reduce incidents. It also appears that beyond some point as the communication range is
increased, the incremental benefit will diminish. In this evaluation, we determine how the number and severity of
incidents, and the braking force required to avert a collision are impacted by varying the communication range, and thus
determine an appropriate communication range for use in the system. The results of this experiment are discussed in
Section 3.1.2.

2.2.2.3 Severity of Lead Vehicle Braking Action

In the experiments discussed above, we have utilized a random lead vehicle deceleration uniformly distributed
between 30% of the maximum deceleration, and the maximum deceleration possible for the lead vehicle. Obviously, the
more severe the deceleration of the lead vehicle, the more likely it is that a collision will occur. In this evaluation, we
studied how the benefits of the collision warning system are affected by severe lead vehicle deceleration. We repeated
the experiments above with the lead vehicle deceleration equal to the maximum deceleration possible for the lead vehicle.
The results of this experiment are discussed in Section 3.1.3.

2.2.2.4 Variation in Driver Reaction Timesfrom the Expected Value

For a given cluster in which we generate an incident, we assign random reaction times for each driver. We assume
that during actual operation, the on-board software will have an estimate of the driver’s reaction time. This estimate
could be a fixed value, or could be learned over time for a given driver. For a particular braking event, it is likely that the
driver’s actual reaction time will be different from the value assumed by the software. To study the effect of these
differences, we chose, for each driver, a random reaction time which represents the expected reaction time assumed by
the system, and a random variation from that time, which will represent the driver’s actual response to the given event.
We then examined how variations in actual reaction time from the expected reaction time impact the collision warning
system. The results of this experiment are discussed in Section 3.1.4 and 3.1.6.

2.2.2.5 Variation in Degree of Response to the Warning Device

During operation, the on-board system in each vehicle will determine any required deceleration for that vehicle.
The system then provides this advice to the driver. Regardless of the specifics of the man-machine interface which
provides this advice, the driver will have to associate a particular warning with a corresponding braking action. Thus, it
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appears likely that the response required by the vehicle, and that provided by the driver will vary to some degree for any
particular warning. In this evaluation, we study how variations in the degree of response to the warning device impact
the effectiveness of the collision warning system. The results of this experiment are discussed in Section 3.1.5 and 3.1.6.

2.2.2.6 Assumptions about the Behavior of the Furthest Vehicle Ahead

In a set of vehicles, each vehicle’s system will provide a warning (if necessary) based on data from a limited number
of vehicles ahead. The number of vehicles ahead from which a given vehicle utilizes data will be a function of the
vehicle’s communication range, and the algorithm’s vehicle limit (as discussed in Section 2.2). In any case, the algorithm
provides a warning based on a limited number of vehicles. The algorithm calculates the necessary deceleration for a
given vehicle in a chain of vehicles based on the current state of that vehicle and the vehicle ahead, and the expected
response of the vehicle ahead. The expected response of the vehicle ahead is based on the vehicles ahead of it, and so on.

The issue here is to establish the expected behavior for the furthest vehicle ahead from which data has been
received. Since we have no data from any vehicles ahead of this vehicle, we need to make an assumption about the
behavior of this vehicle. We might assume, for example, worst case behavior for this vehicle. That is, we might assume
that the furthest vehicle ahead from which we have data is about to decelerate with some maximum deceleration rate. On
the other hand, we might assume a default expected behavior for the lead vehicle. That is, the lead vehicle will continue
accelerating or decelerating at its current rate over the next time interval. In this evaluation, we intend to determine how
varying assumptions about the furthest vehicle ahead impact the calculated response for the vehicle in question, and the
number and severity of collisions expected. From this, we will establish the appropriate assumption(s) to be utilized in
the system. This is discussed further in Section 3.1.7.

In this section, we discuss the strategy for determining the benefits of the system at various levels of system
penetration. We make the following assumptions about system deployment:

l each equipped vehicle has a sensor which provides the position, velocity, and acceleration of the vehicle
immediately ahead

l level of penetration increases from 0% to 100% over time [ 0 %  10%. 20%. . . . . l00%]
l driver has perfect visual information for 1, 2, or 3 vehicles ahead (position, velocity, acceleration, and driver

reaction time)
l driver reliance (r) on the system varies from 0 to 1 [O.O, 0.1,0.2, . . . . 1.01
l driver uses a weighted average of visually determined and system recommended deceleration values, using r

as the weight.

In order to vary the level of system penetration in the simulation, we used the same basic setup discussed in Section
2.2.1, but we made several modifications.

We assume that each equipped vehicle has a sensor which provides information about the vehicle immediately
ahead. If the vehicle immediately ahead is also equipped, the data provided is redundant. However, it is important that
we have the ability to obtain data from an unequipped vehicle immediately ahead. Without that data, the warning
provided by the system will be insufficient to avoid a collision with the vehicle ahead because the system would have no
information about that vehicle, and thus not respond to any braking action that the vehicle takes. We believe that this
assumption is (or soon will be) valid, given the expected diffusion of “intelligent cruise control,” which may be expected
to have such sensors.

.

For a given level, x%, of penetration each vehicle in a cluster is randomly selected as an equipped vehicle with a
probability of x%. Thus, the entire data set consists of approximately X% equipped vehicles. We studied penetration
levels from 0% to 100% in increments of 10%.

In the case of 100% penetration reported above, we assumed that the driver performed any required braking in
response to the warning device only. Under that assumption, we didn’t need to consider tbe characteristics of the driver
of an unequipped vehicle. As we consider the case of less than 100% penetration, we need to model the unequipped
driver. We can then vary the percentage of equipped and unequipped drivers in the simulation, and compare the results.

In modeling the unequipped driver, we assume the unequipped driver bas perfect information about the vehicles
ahead which the driver can see. That is, the driver has accurate knowledge of the position, velocity, acceleration, and
driver reaction time for the vehicles within the driver’s range of vision. We assume that the typical driver can see at most
three vehicles ahead under normal conditions (21). We performed separate simulations assuming the unequipped driver
had the ability to see 1, 2, or 3 vehicles ahead.

We also assume that each equipped driver in the system has the same visual ability as the unequipped drivers, but

l
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has the additional information provided by the warning device. We assume that the driver’s reliance (r) on the warning
device varies from 0 to 1. A reliance value of zero means that the driver disregards the warning device, and thus
responds like an unequipped driver. A reliance value of one means that the driver responds only to the warning device,
and disregards visual information (“driving by instruments”). For reliance values between 0 and 1, we assume a response
(a,) equal to the weighted average of the visually determined (a1 ) and the system recommended (a1) deceleration values.
Thus, a1 = a1 (1 - r) + a1. r . We examined values of r from 0 to 1 by increments of 0.1.

3.0  RESULTS

3.1 100% SYSTEM PENETRATION

In this section, we assume throughout that there is 100% penetration of the system under consideration.
Deployment issues will be considered below.

3.1.1 Number of Vehicles Ahead from which to Consider Data

In this case, we wish to determine the number of vehicles ahead from which data is useful. We assume that there
will be diminishing benefit as more and more vehicles ahead are considered. The number of vehicles ahead from which
to consider data, or the look-ahead number, is closely related to the vehicle’s communication range. The communication
range places a physical limit on the possible number of vehicles from which data can be received. If, for example, we
chose a look-ahead number of 10, but the communication range was such that  10 vehicles were never in range then the
effective look-ahead number would be less than 10. To isolate the look-ahead number from the communication range,
we chose a very large communication range for this experiment. With an essentially infinite communication range, the
look-ahead number is independent of the communication range.

As we have stated, we generate an incident for a particular cluster by producing a more or less severe deceleration
in the lead vehicle in the cluster. For this experiment, we will choose a random lead vehicle deceleration uniformly
distributed between a moderately severe deceleration, 30% of the maximum deceleration, and the worst case deceleration,
the maximum deceleration possible for the lead vehicle. Later, we will examine the effects of variations in the lead
vehicle deceleration on the system.

To further isolate the look-ahead number, for this experiment, we also assume no variation in driver reaction time
from the expected value (see Section 2.2.2.5),  accurate driver response to the warning system (see Section 2.2.2.6),  and
the default expected behavior for the lead vehicle (see Section 2.2.2.7).

With these parameters fixed, we vary the look-ahead number, and examine the impact on the number and severity of
collisions, and the braking force required in the event of no collision. For a given cluster, we choose random reaction
times for each driver, and a random deceleration rate for the lead vehicle. We then vary the look-ahead number, but for
each look-ahead number we use the same reaction times, and lead vehicle deceleration rate. We do this for each cluster
in both data sets, and compare the number and severity of collisions, and the braking force required when there is no
collision, for each look-ahead number selected.

As a starting point, we assume that ideal look-ahead number is less than or equal to 12, which limits the number of
experiments to run. This implies that using a look-ahead number of 12 as opposed to 11 in the system may reduce the
number of collisions, impact velocity, or deceleration rate. Since there is no way to discern this possible gain in clusters
of size less than size 13 (looking ahead 12 is the same as 11 in a cluster of size 5, for example), we initially chose only
clusters larger than 12 vehicles. To get the most clusters of this size, we chose the intra-cluster  spacing which provided
the largest number of clusters greater than 12 vehicles. After examining the number of clusters greater than 12 vehicles
for various inn-a-cluster spacings, we found that an intra-cluster  spacing of 600 ft. and 700 ft. produced the most clusters
greater than size 12 from the September 25 and July 11 data files, respectively. The September 25 data set yielded 300
clusters, and the July 11 data set yielded 527 clusters using these intra-cluster spacings. Figure 14 shows the impact of
varying look-ahead numbers on these sets of clusters.

Figure 14a shows that increasing the look-ahead number reduces the percentage of vehicles that experience a
collision in each data set. This result indicates that very little or no benefit is obtained by utilizing data from more than 6
or 7 vehicles ahead. Figure 14c shows a similar result in terms of the average deceleration rate required by the vehicles
not involved in collisions. In Figure 14b, the average impact velocity of the vehicles involved in collisions drops rapidly
initially, but the climbs as we increase the look-ahead number. This occurs because higher impact collisions are
eliminated first followed by the lower impact collisions. This results in the average decreasing quickly and then returning
to a stable level as fewer and fewer collisions are eliminated.

We should also note that the differences between the two independent data sets is caused by the differences in the
characteristics of the traffic flow for each day. The September 25 traffic had a slower average speed, but shorter average
time headway to the vehicle ahead (22).
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Comparing the results in Figure 22 to Figure 23, we again see increases in the percentage of collisions, the impact
velocity of the collisions, and the deceleration rate required to avoid collisions, with the increased lead vehicle
deceleration rate present in the Figure 23 results, as one would expect. However, the results of Figure 23 are similar to
the results of Figure 22 in that the three variables increase only a small amount with variations in driver reaction time.

The results of this experiment show that variability in driver reaction time produces only minimal increases in
collisions, impact velocity, and the driver’s required deceleration to avoid collisions. The extent of this is dependent on
the amount of variability in the reaction time. We have chosen a distribution to demonstrate this sensitivity, but further
research will be needed to determine the appropriate distribution for driver reaction time variability, and the
corresponding impact on the system.

a

3.1.5 Variation in Degree of Response to the Warning Device

For this experiment, we again fixed the look-ahead number to 7 vehicles, and the communication range to 700 ft., as
the results of Sections 3.1.1, 3.1.2, and 3.1.3 suggest. We also selected an intra-cluster spacing of 600 ft., and utilized all
clusters greater than 2 vehicles. We assume no variation in driver reaction time from the expected value, and the default
expected behavior for the lead vehicle.

Here we are studying the effects of variations in the degree of driver response to the warning device. The
assumption is that upon seeing a particular light on the warning device, the driver will produce an associated braking
response. Since there are a limited number of lights, in this case 5, there is a range of required decelerations which cause
a particular warning to be generated. For example, in the case where the warning device is activated when the
deceleration required is between 30% and 100% of the vehicle’s maximum deceleration, one light would correspond to a
required deceleration between 30% and 44% of the vehicle’s maximum deceleration, two lights between 44% and 58%,
etc., as illustrated in Figure 24. To simulate driver variability, we assume that upon seeing a particular number of lights
the driver responds by producing a deceleration which is normally distributed with a mean equal to the average of the
upper and lower percentage of deceleration which produced the light. For example, the center of the range which
produces two lights is 51% of the vehicle’s maximum deceleration. Thus, the driver would produce a deceleration with a
mean of 51% of the maximum deceleration. The standard deviation is chosen such that approximately 95% of the
decelerations generated fall in the correct range. For two lights, 95% of the time the deceleration is between 44% and
58% of the maximum. As was the case in the previous section, with a particular driver’s reaction time repeatability, it is
unclear how a driver will “map” a particular number of lights to a response, so we chose this distribution simply to
demonstrate the sensitivity of the system to variations in driver response to the warning device. Further research will
need to be done to determine the characteristics of this distribution.
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FIGURE 24 Distribution of driver response to a particular number of warning lights.

l

In the simulation, when the driver reacts to a particular warning level, a response is chosen from the above
distribution. This response may be greater than or less than the required response calculated by the algorithm. If the
driver brakes harder than required, the warning will eventually decrease. For example, if the initial warning required a
deceleration of 60% of maximum, corresponding to three lights, and the driver responded with 67% of maximum, the
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3.1.7 Assumptions about the Behavior of the Furthest Vehicle Ahead

As discussed in Section 2.2.7, the algorithm must make an assumption about the behavior of the vehicle furthest
ahead from which data has been received. Since we have no knowledge of any vehicles ahead of this vehicle or their
expected action, we need to make an assumption about what the furthest vehicle ahead will do in the next time interval
(i.e. the 10 ms). To this point, we have been assuming that this vehicle will continue at its current rate of acceleration,
positive or negative, during the next interval. This is the most likely assumption, but it is not the most conservative. The
most conservative approach would be to assume worst case behavior for this vehicle. That is, to assume that the furthest
vehicle ahead from which we have data will decelerate with its maximum deceleration rate.

In experimenting, we found that this assumption causes severe braking for all of the vehicles in the cluster, which in
most cases is unnecessary. Since the algorithm receives data and recalculates the required response often, for example
every 10 ms, any changes in the furthest vehicle ahead’s deceleration rate will be incorporated into the driver’s warning
rapidly. Also, since the furthest vehicle ahead from which we have data is, just that, furthest away, its impact is less than
nearby vehicles, and thus the impact of any assumption is lessened. For this reason, it seems reasonable to assume that
the vehicle will continue at its current rate of acceleration, positive or negative, during the next interval.

3.2 SYSTEM DEPLOYMENT

In this section, we fix several of the parameters studied in the previous section, and focus on system penetration, and
driver reliance. Based on the results of Section 3.1, we set the number of vehicles ahead from which the system considers
data at 7 vehicles, and we fix the system’s communication range at 700 ft. In addition, since the severity of the lead
vehicle braking action, variations in driver reaction times from the expected value, and variations in the degree of driver
response to the warning device produced minimal variation in the number and impact velocity of collisions, or
deceleration rate, for these experiments, we choose a lead vehicle deceleration between 30% and 100% of maximum
deceleration, and no variation in driver reaction times, or in response to the warning device.

For these experiments, we also have chosen to combine the July 11 and September 25 dam sets, and to focus on the
variation in the percentage of collisions. Since the results are similar for each day’s data set, and for the other parameters,
we have chosen to do this for brevity and simplicity.

For a typical experiment, we choose the number of vehicles ahead which the unequipped driver is capable of seeing
(1, 2, or 3). which we’ll call the visual look-ahead. For each cluster in the combined data set, we choose log-normally
distributed random reaction times for each driver, and a normally distributed random deceleration rate for the lead vehicle
(see Section 2.1.1),.  We then vary the penetration level from 0% to 1 0 0 %  and for each penetration level we vary the
driver reliance value from 0 to 1. This produces a matrix of results, where each element of the matrix is equivalent to an
experiment in Section 3.1. In generating each element of the matrix, we use the same visual look-ahead, the same
reaction times, and the same lead vehicle deceleration rate.

Figure 29 shows the results for a visual look-ahead of one. Each line in the figure is a line of constant reliance. In
each of the figures in this section, the line which corresponds to r = 0 is a horizontal line. When r = 0, each equipped
driver ignores the system’s advice, and thus each driver responds like an unequipped driver regardless of level of
penetration. This r = 0 line corresponds to the unequipped driver, values below this line represent improvements over
the visual driver, and values above this line correspond to combinations of penetration level and reliance level which
produce results which are worse than results with no warning system present.

For each of the lines other than r = 0, the equipped driver utilizes the advice of the system, to a lesser or greater
extent depending on the r value. Regardless of the r value though, the results are the same for a penetration level of O%,
since the r value only affects equipped drivers.

In Figure 29, the t = 0.1 line nearly coincides with the r = 0 line. In this case, with a visual look-ahead of one
vehicle, a reliance of 0.1 is essentially the same as not having the warning device at all. A reliance of even 0.2 however,
produces significant improvement over the unequipped driver, reducing the percentage of collisions from 13.7% to 5.1%
at 100% penetration. Reliance levels of 0.3 and above produce further improvement, reducing the percentage of
collisions to 2.0% at 100% penetration. This corresponds to an 85% reduction in the number of collisions when
compared to all unequipped drivers ( r = 0).
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collisions, and the deceleration rate required to avert collisions.
l variability in the driver’s deceleration rate from the required rate calculated by the algorithm has relatively

little effect on the number of collisions, and the deceleration rate required to avert collisions.
We can summarize the conclusions drawn from the deployment experiments (less than 100% penetration) as

follows:
l the system is effective in reducing the number of collisions even during deployment.
l broadcasting data from non-transmitting vehicles which are sensed significantly increases the effective system

penetration, providing earlier system benefits.

a

l the system is dramatically effective in reducing collisions in the case of limited sight visibility (e.g. fog)
The above results allow us to place reasonable limitations on the number of vehicles from which to process data

and on the communication range required by the system. In addition, they indicate that driver variability has relatively
little effect on the potential benefit of the system. Thus, the results of the evaluation indicate that significant benefits in
terms of reduction in the number of collisions, reduction in the impact of collisions which do occur, and reduction in the
required braking force when a collision is averted are obtained by a system which is capable of processing data from 6 or
7 vehicles ahead, as opposed to processing data from 3 or fewer vehicles ahead which is more typical of an unassisted
driver. These benefits are realized even during deployment of the system.

l

4.1 COMMUNICATIONS ARCHITECTURE REQUIREMENTS

The results of the experiments performed provide a basis for specifying the requirements of a communication
architecture to support this type of warning device.

The warning device algorithm developed in Section 2.1 requires that each vehicle continuously broadcast its
velocity, acceleration, position, and the driver’s time remaining until a braking action can occur. The number of bits of
information required for each of these depends on the accuracy desired. For the velocity and acceleration, 8 bits are
required for an accuracy of 1% (17). We will assume 10 bits for each value. For position, the latitude and longitude can
be specified to within 1 meter using 30 bits for each value. That is a total of 60 bits to specify the position. This is a
worst case requirement for the position. In addition, the required number of bits could be reduced by having the position
be specified relative to some fixed local coordinate. For the time until braking, 10 bits are required to specify a time up to
10 seconds to 2 decimal places.

Under these worst case assumptions, the minimum set of data comprises 90 bits. If we assume an additional 10 bits
of information for other data such as road direction and lane number, which would be useful in eliminating irrelevant data
packets, we have a total of 100 bits in the minimal data set. Including the typical overhead for error correction of 50%
(24),  implies that a single packet of data transmitted by a single vehicle will contain approximately 150 bits. In an
attempt to establish an estimate of the total bandwidth requirements, we will assume that each vehicle broadcasts a packet
every 10 ms. At this rate, a vehicle traveling at 65 miles per hour changes absolute position by less than 10 feet between
transmissions. This implies a data rate of 1,500 bits per second for each vehicle in the system.

The result of Section 3.1.2 indicates that a communication range of 600 ft. to 700 ft. will be required to provide-the
most benefit from the system.

Thus, we have the following requirements:
l 150 bits per data packet per vehicle
l communication frequency of 10 Hz.
l communication range of 700 ft.

l

Therefore, we need to transmit data at 1,500 bps/vehicle, and each vehicle must be able to receive data from all the
vehicles within a communication range of 700 ft. Other researchers have suggested data volumes of 150-500 bits per
vehicle at a communication frequency of 10 Hz. with a communication range of 750 ft. (9, 25, 26), for use in cooperative-
driving systems. Thus, it seems that the communication requirements proposed are reasonable given current technology.

Spread spectrum techniques may be appropriate for this type of communication, largely due to their ability to
provide multiple access to the same frequency, for example via code division multiple access (CDMA), and their low
interference to other communications systems.

0

l

4.2 FUTURE WORK

43.1 Operational Test

In order to prove the usefulness of the proposed warning device, an operational test will be required. Due to issues
of safety which are involved in testing a collision warning device, it is impractical to test the device in normal highway
operation. It seems most probable that the device would be tested in a test track environment using professional drivers.
Even in this environment, it will not be possible to study the systems effectiveness in reducing collisions, and the impact
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velocity of collisions since no collisions should occur in the operational test. We can however study any reductions in
deceleration rate for the vehicles involved.

Factors of interest in an operational test, as in the simulation, include look-ahead number, communication range,
severity of lead vehicle braking, variations in driver reaction time, and variations in driver braking response to the
warning device.

Performing the operational test will require access to several vehicles. We know from the simulation that gains are
obtained for look-ahead numbers of up to 6 or 7 vehicles, thus the test would ideally utilize this many vehicles. Each
vehicle will need to transmit its acceleration, velocity, position, and the driver’s time remaining until a braking action can
occur. The on-board system must thus have access to the vehicle’s acceleration, velocity, and position. The acceleration
can be obtained by the addition of an accelerometer to the vehicle. The velocity can be obtained using the vehicle’s
equipment by accessing the data provided to the speedometer. Since the algorithm requires the relative position of the
vehicles, for the operational test, we can provide the distance traveled by each vehicle from each vehicle’s known starting
point. Thus, the vehicle’s position is obtained using dead-reckoning.

Since we have a limited number of vehicles in the operational test, we can greatly simplify the communication
system for the test by using a separate channel for each vehicle in the test. Thus, each vehicle must be capable of
transmitting 150 bps of data on a single channel, and receiving 150 bps of data on several channels.

Each of the approximately seven vehicles must therefore be equipped in the following way:
l computer
l warning device
l accelerometer
l access to speedometer
l dead-reckoning device
l ability to transmit on one channel (1500 bps)
l ability to receive on several channels (1500 bps/channel)
l a sensor which provides the position, velocity, and acceleration of the vehicle immediately ahead

For a typical test, the vehicles will be arranged in a single lane with their relative starting positions known to the on-
board computer so that their relative positions can be computed at all times from the distance traveled. To begin a test,
the vehicles will be driven on the track until appropriate velocities and headways are obtained. The lead vehicle will then
decelerate with a specified severity, and the deceleration rates of the other vehicles wilI be recorded as the vehicles come
to a stop.

Using this type of test, we can study the effects of variations in look-ahead number, communication range, and
severity of lead vehicle deceleration as in the simulation. We can also compare the deceleration rates with the system
operating to those with the system off for the same test scenario. In addition, we can use these tests to collect data on the
variability of a particular driver’s reaction time from event to event, and how a driver maps a given warning level to a
deceleration response.

It is our intent to use the results of an operational test to adjust the parameters used in the simulation, and to use the
simulation results to define the operational test in a cyclic manner.

4.2.2 Lane-Change Advice Issues

The system developed uses data exchanged between vehicles to provide collision warning advisories, but the data
exchanged might also be used to provide the driver with lane-change advice. For example, a driver could be advised to
change lanes to avoid a slower moving vehicle ahead before braking is required. Since each vehicle in the system would
be providing similar advice, the driver-advice algorithm would need to consider the possible actions and reactions of the
other vehicles in the system. This is further complicated by the fact that each vehicle will have a slightly different
perspective on the local environment, depending on which other vehicles are in its communication range.

Other researchers have addressed a similar problem in the area of air-traffic control (27, 28).. When developing an
architecture for distributed problem solving (or planning), there are three different approaches: 1) individual planning, 2)
aggregate (cluster) planning, and 3) global planning. In the case of the latter two, planning is done by one or more
regional processors. Such regional or global processing introduces problems of reliability and scalability,  since numerous
vehicles rely on a single processor. Further, regional or global processing would add significant amounts of infrastructure
to the system. For these reasons, it is unlikely that such processing would be utilized, but it should not be ruled out as a
possible option. If we restrict ourselves to an individual or distributed planning approach, where each vehicle processes
incoming data and provides advice locally, we must consider the two general classes of individual planning: autonomous
and cooperative (27). In an autonomous approach, each vehicle’s processor decides on an action to take without
communicating its decision to the other vehicles and without knowing what actions the other vehicles in the system have
decided to take. In the cooperative approach, the vehicles exchange information regarding their decisions and may alter
their decisions based on this exchange. This type of communication and plan-altering may proceed for several iterations,
resulting in a form of negotiation.
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It seems unlikely that extensive communication or negotiation will be possible, however, due to the limited
communication bandwidth and the need for timely decision making. Nevertheless, some information in addition to the
velocity, acceleration, and position could be exchanged to assist the decision process of the vehicles. This information
could comprise the current recommended deceleration and lane selection, and possibly driver desires such as an intended
route or planned lane change recommended by a route guidance device, or the speed set on a cruise-control device. This a
data could be used to encourage a form of cooperation among vehicles. For example, a driver could be advised to
accelerate for the purposes of providing a “gap” for a vehicle changing lanes or entering the roadway.

In an individual planning system, each vehicle receives data from a limited number of vehicles in its local area. For
the purposes of collision warning, it appears that data from the vehicles within several hundred feet is sufficient to
provide valuable advice to the driver. In the case of lane-change advice, the appropriate communication range would
need to be determined. It is unclear whether valid lane-change advice could be provided without extending the
communication range, and thus the bandwidth requirements. *

Even if the appropriate data could be exchanged, a major issue involves determining the performance metric used to
evaluate alternative advice scenarios. Each vehicle in the system would continuously consider the state of the vehicles
around it, and possibly provide the driver with a lane-change recommendation. In providing the recommendation, the
system would consider the possible lane-change advice provided to the other vehicles by those vehicles’ on-board
systems. In a given situation, there may be numerous combinations of lane-selection options for the vehicles involved
which could reduce overall delay. For example, in a given situation, it might be advisable for a vehicle to stay in its
current lane, and the slower-moving vehicle ahead to move to the right. On the other hand, in the same situation, the

a

vehicle could move to the left, allowing the slower-moving vehicle to stay in its lane. The best alternative would depend
on the state of the other vehicles in the system. With numerous vehicles being considered, several alternatives arise.
Each alternative must be evaluated against the other alternatives to determine the best option. To do this, each alternative
must have a net benefit (for example, reduction of total delay) associated with it, which can then be compared to the net
benefit of the other options. We must also consider here whether the value of the net benefit be based on system
optimality or individual optimality. That is, is the best option the one that is best for all of the vehicles considered, or the l
one that is best for the individual vehicle performing the evaluation? Establishing the appropriate performance metric so
that the possible options can be compared is an important issue in developing a lane-change advice system.

The issue of determining the appropriate performance metric is further complicated by the fact that each vehicle in
the system will have a slightly different perspective on the local environment due to its limited communication range.
Vehicles that are on the edge of each other’s communication range will possibly have very different views of the local
environment because they each have in common communication with only the vehicles between them. The vehicles l
behind the trailing vehicle and ahead of the lead vehicle are outside the other’s communication range. On the other hand,
vehicles that are in close proximity to one another will have quite similar views of the local environment. This may
provide some help in developing the system since the vehicles that are closest to one another, and thus whose actions
have the grea impact on one another, have similar views of the local environment, whereas the vehicles that are farther
apart and thus have possibly different views of the local environment have less influence on each other. Though this
effect diminishes the impact of differing perspectives, the issue of differing views of the environment will need to be
addressed. e

Finally, in developing a lane-change advice system, it is important that the system be non-manipulable. That is, that
an individual driver cannot be allowed to manipulate the system to his or her advantage by providing false input to the
system (e.g., a false desired speed), or by strategically disregarding the advice provided by the system. Such system
abuse could lead to a lack of trust in the advice provided by the system, and thus widespread non-use of the system. If in
fact it seems possible for an individual driver to manipulate the system, some type of incentive system (e.g., a monetary
incentive) might be necessary to discourage this type of behavior. 9

l
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